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ABSTRACT Nonconsumptive effects (NCE) of parasites on hosts vary with habitat complexity
thereby modifying trait-mediated effects on lower trophic levels. In coffee agroecosystems, Pseudac-
teon sp. phorid fly parasites negatively affect Azteca instabilis F. Smith ants via NCE thereby indirectly
benefiting prey. It is unknown how differences in habitat complexity influence Azteca-phorid inter-
actions or how phorids affect the coffee berry borer (Hypothenemus hampei Ferrari), an important
pest of coffee (Coffea arabica L). We tested the following hypotheses in field and lab experiments to
find the impact of NCE of phorids on A. instabilis and trait-mediated indirect effects of phorids on
the coffee berry borer: (1) Phorid effects on A. instabilis differ between complex and simple shade
habitats and (2) Phorids, by modifying A. instabilis behavior, indirectly affect coffee berry borer
abilities to invade coffee berries. Phorids had greater impacts on A. instabilis activity in low-shade
farms, but differences in phorid impacts were not mediated by phorid density or light availability. In
the lab, phorids had strong cascading effects on abilities of A. instabilis to deter coffee berry borers.
Without phorids, A. instabilis limited coffee berry borer attacks, whereas when the coffee berry
borer was alone or with A. instabilis and phorids, more coffee fruits were attacked by coffee berry
borer. These results indicate that A. instabilis has stronger biological control potential in high-
shade farms, but the exact mechanism deserves further attention.
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interactions

Density and trait-mediated indirect interactions are
pervasive in terrestrial and aquatic communities, and
frequently result in trophic cascades (Abrams 1995,
Werner and Peacor 2003, Schmitz et al. 2004). Den-
sity-mediated indirect interactions (DMII) result
from predators consuming prey leading to a release of
the prey’s food (Abrams 1995, Werner and Peacor
2003). Trait-mediated indirect interactions (TMII),
however, result from predator-induced changes in
prey or host phenotype including developmental,
morphological, physiological, and behavioral charac-
teristics (Trussell et al. 2002, Werner and Peacor
2003). Both DMII and TMII may result in species-level
trophic cascades where changes in predator numbers
influence the success of herbivores and plants (Polis
et al. 2000). In the case of trophic cascades resulting
from TMIIL, predators have a nonconsumptive effect
(NCE) on prey (e.g., herbivores) resulting in a change
at alower trophic level (e.g., plants). NCE are defined
as direct effects of predators on prey accomplished by
modifying a prey trait (Abrams 2007). Although DMII
and TMII are more commonly discussed in the context
of predator-prey interactions, host-parasite interac-
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tions may also involve important TMIL For example,
in host-parasitoid systems, TMII are evident in appar-
ent competition or when plant volatiles released in
response to herbivory attract parasitoids (Miiller and
Godfray 1999). Phorid flies are important parasites of
ants, and impact hosts via ‘consumptive’ and ‘noncon-
sumptive effects’. Pseudacteon phorids generally lay
eggs in ant thoraxes that as larvae migrate to the heads;
ultimately killing ants (Consoli et al. 2001) but phorid
presence near an ant colony also results in a trait-
modification or NCE on the ants (Folgarait and Gil-
bert 1999, Feener 2000, Wuellner et al. 2002, Philpott
et al. 2004). Namely, when ants detect phorid pres-
ence in the area, ant activity and foraging is limited,
thereby allowing herbivores increased access to plants
(Philpott et al. 2004).

The environmental context in which predator-prey
interactions or parasite-host interactions takes place
can determine the strength of NCE and TMIL Direct
consumptive effects of predators on prey differ with
habitat complexity (e.g., via lower encounter rates,
predator-avoidance, prey refuges [e.g., Sih et al.
1998]), but relatively few examples examine how hab-
itat complexity may affect NCE or TMIL In littoral
habitats, dragonfly nymphs cause movement of mayfly
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larvae facilitating predation by bluegill sunfish, but
only in areas with simple vegetation (Swisher et al.
1998). In more complex habitats, mayflies presumably
find refuge from bluegill predators. In contrast, in
oyster reefs NCE of toadfish (predators) on oyster
predator avoidance behavior did not vary with habitat
complexity (Grabowski 2004, Grabowski and Kimbro
2005). Direct parasitic effects of parasitoids may be
stronger in less complex habitats (Marino and Landis
1996, but see Menalled et al. 1999). At least one ex-
ample shows that habitat type influences NCE of par-
asites on hosts. Apocephalus spp. phorid fly parasites of
the two ant species Pheidole diversipilosa Wheeler and
Pheidole bicarinata Mayr restricted the foraging and
number of soldier ants on baits in simple habitats more
than in complex habitats (Wilkinson and Feener
2007). Additionally, phorids attacked ants significantly
less often in areas that contained more leaf litter com-
pared with areas with little foliage (Wilkinson and
Feener 2007). Thus, the potential exists for variation
in NCE of parasites on hosts depending on habitat
complexity.

We studied a component of an insect food web that
involves undescribed species of parasitic phorid flies,
Pseudacteon spp., the host, the tree-nesting ant, Azteca
instabilis F. Smith, and an important coffee (Coffea
arabica L.) pest in coffee agroecosystems varying in
habitat complexity in Chiapas, Mexico. A. instabilis is
an aggressive ant that may control important coffee
pests (Perfecto and Vandermeer 2006). Phorids have
strong NCE on A. instabilis, limiting ant activity level
by about half, which results in indirect positive effects
on insects usually attacked by ants, such as lepidop-
teran larvae and ladybird beetles (Philpott et al. 2004,
Liere and Larsen 2010). There is limited information,
however, on whether or not phorids have these same
indirect effects on coffee pests, such as the coffee
berry borer (Hypothenemus hampei Ferrari). The cof-
fee berry borer is considered the most important pest
of coffee worldwide (Soto-Pinto et al. 2002). Previous
evidence shows correlations between increased A. in-
stabilis activity and decreased coffee berry borer in-
cidence (Perfecto and Vandermeer 2006), yet, there
is no direct evidence that A. instabilis limits the coffee
berry borer or data showing how phorids may affect
A. instabilis- coffee berry borer interactions. Further-
more, coffee agroecosystems are prone to manage-
ment changes that affect habitat complexity (Beer et
al. 1998). Coffee farms generally include a shade can-
opy over coffee shrubs below, but canopy complexity
(e.g., diversity and density of shade trees, canopy
cover, canopy thickness) varies greatly between
farms. As coffee farms become more intensely man-
aged with reduced canopy complexity, biodiversity is
lost (Perfecto et al. 1996, Moguel and Toledo 1999,
Philpott et al. 2008) and complex ecological interac-
tions, such as those involving ants, phorids, and the
coffee berry borer may be altered.

We examined the impacts of coffee habitat com-
plexity on NCE of phorids on ants, and subsequent
TMII of phorid flies on coffee berry borer via the
modification of ant behavior. We tested the following
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two hypotheses: (1) Phorid NCE on A. instabilis ants
differ between complex and simple shade habitats and
(2) Phorids, by modifying A. instabilis behavior, indi-
rectly affect coffee berry borer abilities to invade
coffee berries. Further, we examined two potential
mechanisms that could be driving differences in NCE
of phorids on ants in the two habitat types. Specifi-
cally, we examined whether (1) phorid density differs
in complex versus simple shade habitats, and (2) sun-
light has an effect on phorid ability to detect and attack
A. instabilis ants. If, for example, habitat complexity
enhances trait-modification of ants by phorids, than
we would expect the trait-mediated indirect effects of
phorids on coffee berry borer to be stronger in com-
plex habitats, and coffee berry borer outbreaks to be
worse. However, if trait-modification of ants by
phorids were stronger in simple habitats, we would
expect coffee berry borer outbreaks to be worse in
simple habitats.

Materials and Methods

Study Site. We conducted our research on a large,
280 ha coffee farm in Chiapas, Mexico, during the wet
season of June-July 2009. We conducted field studies
in five sites within Finca Irlanda, an organic coffee
farm located at 15° 11'N, 90° 20'W between 950 and
1,150 m (Philpott et al. 2008). Three of the study sites
were located in low-shade areas of the farm managed
with an average of 28% canopy cover. Two of the study
sites were located in a high-shade area of the farm with
an average of 91% canopy cover. The management in
the low-shade sites most closely approximates a mix
of commercial polyculture and shade monoculture
whereas the high-shade sites are best described as
traditional polyculture (Moguel and Toledo 1999,
Philpott et al. 2008). The five sites each comprised
10-13 sampled trees (see below) and each site was
separated by a minimum of 100 m. To confirm man-
agement differences in the different sites, we also
recorded the percent shade surrounding all A. insta-
bilis colonies used in the observations described be-
low. We used a convex spherical densitometer to mea-
sure the amount of shade directly over the nest, and
5 m away from the tree in each cardinal direction.

Phorid-Ant Interactions and Habitat Complexity.
To study whether NCE of phorid flies on ants differ
between simple and complex habitats, we observed
the influences of phorid flies on ant activity in both
high-shade and low-shade sites within the coffee farm.
We located a total of 32 independent A. instabilis nests
in the low-shade sites (n = 10, n = 12, n = 10) and 22
independent A. instabilis nests in the high-shade sites
(n = 12, n = 10) all located on Alchornea latifolia
Klotzsch trees, a common shade tree throughout the
farm. To determine whether phorid flies had stronger
effects on A. instabilis ants in one habitat type or the
other, we placed five tuna baits (5 g each) on tree
trunks between 1.0-1.5 m above ground level. Then
we counted the number of ants at each bait every 2
min from 2 to 30 min after placing baits (Philpott et al.
2004). At each tree, we also recorded (1) presence or
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absence of phorids during the 30 min trial, and (2)
time elapsed to first phorid arrival to the baits. We did
not record the number of phorid individuals, or the
time intervals where phorids were specifically pres-
ent. We conducted observations on 21 d between 4
June and 11 July 2009. We determined statistical dif-
ferences between the number of ants on trees with
and without phorids using a linear mixed model with
SPSS 16.0. In the model, we included number of ants
as the dependent variable, phorid presence, habitat
type (high-shade or low-shade), and time as fixed
factors and tree nested within site and habitat type as
a random factor. We also included time as a repeated
factor to test for temporal autocorrelation in the er-
rors. We ran a full factorial design for all interactions
of phorid, shade type, and time, and used a first order,
autoregressive covariance matrix (AR1). We also ex-
amined parameter estimates to examine for potential
differences among time steps in different shade types
and with or without phorids. Data for ant numbers
were square root transformed to meet conditions of
normality.

We examined differences in phorid density in the
two habitat types as one possible mechanism for any
observed difference in phorid influences on ant be-
havior in each habitat. We first measured the phorid
density in each habitat, defined as the number of
phorid attacks on worker ants during 5 min (Vander-
meer et al. 2008). Phorid density is commonly assessed
by examining the number of attacks, rather than by
collecting individuals because of the disturbance as-
pirating phorids at ant nests causes (Vandermeer et al.
2008, Philpott et al. 2009). We collected ~60 worker
ants from a colony and placed them in two plastic
sandwich tubs painted with insect-a-slip (BioQuip
Products, Rancho Dominguez, CA) so that the ants
could not escape. We placed the lids on the tubs and
carried them to another A. instabilis colony located
>10 m away from the tree where the ants were col-
lected. We did this to ensure that that the ant colony
was not disturbed before the start of the observation.
Adjacent to the colony, we hung the two tubs on
stakes ~1 m above ground and 0 m from the base of
the tree. At the start of the observation, we uncovered
the tubs, smashed three ants to release chemical pher-
omones that attract phorids (Mathis et al. 2011), and
recorded (1) the time elapsed until phorid first arrived
at the tub and (2) the number of phorid attacks on the
ants within 5 min (Philpott et al. 2009). Phorid attacks
were defined as individual oviposition attempts by
phorids on an A. instabilis worker. We examined num-
bers of attacks on A. instabilis in tubs around 46 nests
in the low-shade sites and 10 nests in the high-shade
sites.

To examine another possible mechanism for any
observed differences in phorid effects on ants in dif-
ferent habitats, we observed whether presence of sun
flecks reaching the ground affected phorid attacks
near ant nests. When A. instabilis are alarmed, they
emit chemical cues that attract phorids from longer
distances; near to the colony Pseudacteon sp. phorids
rely on visual cues to locate A. instabilis hosts (Mathis
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et al. 2011). It is specifically because of an inability to
see ant hosts that phorids are not active at night
(Feener and Brown 1993, Wuellner et al. 2002). To
examine whether the light intensity at the ground
level was a mechanism resulting in differences in at-
tack rates between high-shade and low-shade habitats,
we observed phorid attacks in both high light intensity
sun flecks and in low light intensity patches (e.g., in
shadows) in both habitat types. We collected ants and
placed them in tubs for observations as described
above. We located eight trees in the low-shade sites
and 11 trees in the high-shade sites where the ground
around the base of each tree was partly surrounded
with sun flecks (high light intensity) and party sur-
rounded with shadows (low light intensity). We hung
the two tubs on stakes ~1 m above ground and at 0 m
from the base of the tree. We then recorded the phorid
arrival time and number of phorid attacks within 5
min. We used a paired ¢-test to compare phorid arrival
time and number of phorid attacks between high light
intensity and low light intensity points in each habitat
type.

Phorid-Ant-Coffee Berry Borer Interactions. To ex-
amine the cascading effects of phorid flies on coffee
berry borer predation by ants, we conducted lab ex-
periments in insect arenas (BioQuip Products). The
insect arenas were 60 X 60 X 60 cm tents with mesh
and clear plastic walls and floors. In each arena, we
placed a coffee branch with 10 undamaged berries and
between 4 and 9 leaves, and then assigned arenas to
one of three treatments: (1) with 20 coffee berry
borers, (2) with 20 coffee berry borers and 20 A.
instabilis workers, and (3) with 20 coffee berry borers,
20 A. instabilis workers, and two female phorid flies.
We put drops of honey on the leaves of all branches
to mimic scale insects commonly tended by A. insta-
bilis in the field. After 24 h, we counted the number
of fruits with coffee berry borer damage. We had 26
replicates of each treatment. We compared the num-
ber of coffee berry borers entering fruits in the three
treatments with analysis of variance (ANOVA) and
determined specific differences among treatments
with Tukey’s post hoc tests.

To assess whether phorids may indirectly impact
coffee berry borer in the field, we examined correla-
tions between number of phorid attacks (oviposition
attempts) and coffee berry borer attack of coffee fruits
around A. instabilis colonies. We used the data for
phorid attacks to assess phorid density at each colony
as outlined above. At those same 46 colonies in low-
shade and 10 colonies in high-shade sites, we mea-
sured the abundance of coffee berry borers on the four
coffee bushes nearest to each A. instabilis nest by
counting the number of coffee berries per plant, up to
100, that were infected with coffee berry borer. We
selected berries systematically sampling from the top
of the coffee plant toward the base. We then used
simple linear regressions to determine the relationship
between number of phorid attacks and coffee berry
borer abundance at each nest in the field.

Although at the time observations were conducted
we believed there was only one species of phorid at
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Fig. 1.

Ant recruitment with and without phorid flies in the low-shade habitat and high-shade habitat. (a) Number of

A. instabilis ants recruiting to tuna baits on Alchornea latifolia shade trees over 30 min in the presence (open symbols) and
absence (closed symbols) of phorid flies. Error bars represent SE, and letters denote significant differences. (b) Ratio of
number of ants without phorids to number of ants with phorids at tuna baits in the high-shade and low-shade habitats. Phorids
decreased ant recruitment by 54% in the low-shade habitat and by 11% in the high-shade habitat.

our study site, we have since been altered that there
are four morphospecies (S. Porter, B. Brown, personal
communication) of phorids known to attack A. insta-
bilis. At the time the research was conducted, we did
not have this knowledge, and therefore did not dif-
ferentiate between phorid species. Thus, the obser-
vations conducted in the field, and the lab experiments
with field-collected phorids report the effects of an
unknown mix of the two phorid species on the be-
havior of A. instabilis. Voucher specimens of both
morphospecies of phorid flies were deposited at the
Natural History Museum of Los Angeles County and
also at El Colegio de la Frontera Sur, Tapachula,
Chiapas, Mexico.

Results

Over the 30-min period, phorid flies significantly
reduced ant foraging activity in both the low-shade
and high-shade coffee habitats (F = 10.701, df = 1,
51.35, P = 0.002; Fig. 1a). The number of ants recruit-

ing to the baits did not differ in high- and low-shade
habitats (F = 2.828, df = 1, 42.47, P = 0.10); however,
there was a significant phorid by shade interaction
(F=4.787,df = 1,48.63, P = 0.034) . Phorid flies limited
A. instabilis activity more than twice as much in the
low-shade habitat than in the high-shade habitat (Fig.
1b). The numbers of ants on baits increased with time
(F = 20.548, df = 14, 576.71, P < 0.001), and there was
a significant interaction of phorid by time (F = 5.059,
df = 14, 576.71, P < 0.001). The difference between
numbers of ants on trees with and without phorids
became significant after 12 min (t < —2.851, P <
0.005). The number of ants recruiting in different
habitats was not influenced by time (F = 0.569, df =
14, 576.71, P = 0.89) and there was no significant
three-way interaction of phorid by shade by time (F =
0.383, df = 14, 576.71, P = 0.98). Values recorded at
different time steps were highly autocorrelated (AR1
p, Wald Z = 54.149, P < 0.001), but there was no
significant effect of the nesting of shade tree within
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Table 1. Time elapsed to first phorid attack and total no. of
phorid attacks (mean = SE) on A. instabilis ants during 5 min trial
periods in patches of high light intensity (e.g., sun flecks) and low
light intensity (shadows) around shade trees in high-shade and
low-shade coffee habitats

Habitat Light Time to first No. of
intensity phorid attack (s) phorid attacks
High-shade Low 165.46 = 34.71 14.13 £ 4.22
High-shade High 129.8 + 33.20 2253 + 7.74
Low-shade Low 132.75 = 49.31 15.75 = 5.73
Low-shade High 109.5 = 39.89 22 + 6.41

site and shade area (ARl p, Wald Z = —1.087, P =
0.277).

We examined two potential mechanisms for differ-
ences in phorid effects in high- and low-shade habi-
tats. First, we examined differences in phorid attacks
in the two habitat types as a measure of phorid density.
There was no significant difference between number
of phorid attacks in 5 min in the high-shade (18.35 +
5.34) and low-shade (21.43 = 2.92) sites (¢ = 2.00, df =
54, P = 0.727). Second, we did not find any significant
difference in phorid arrival or attacks in either habitat
depending on light availability. The number of phorid
attacks in 5 min did not differ depending on light
intensity (shadows vs. sun flecks) in either the high-
shade habitat (Table 1;t = —1.129,df = 14, P = 0.139)
or in the low-shade habitat (Table 1;t = —0.773, df =
7, P = 0.232). Although phorids tended to arrive later
in the low light intensity patches (shadows) around
trees than in the high light intensity patches (sun
flecks), there was no significant difference in either
habitat (Table 1; high-shade habitat, ¢ = 1.04, df = 14,
P = 0.157; low-shade habitat, t = —0.368,df = 7, P =
0.361).

Phorids had significant effects on the ability of A.
instabilis to deter coffee berry borer attack on coffee
fruits. In the lab experiment, nearly twice as many
fruits were attacked by coffee berry borer in arenas
without A. instabilis and with both A. instabilis and
phorids than in arenas with only coffee berry borer and
A instabilis (F = 4326, df = 9, 67, P = 0.017; Fig. 2).
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Fig. 2. Coffee berry borer (CBB) infestation level in
treatments: coffee berry borer alone, with A. instabilis, and
with Pseudacteon spp. phorid flies and A. instabilis. Exror bars
represent SE, and letters denote significant differences.
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According to Tukey’s post hoc tests, a significantly lower
fraction of fruits were attacked by coffee berry borer in
the ant treatment than in the coffee berry borer-only
arenas (P = 0.021) or the coffee berry borer-ant-phorid
arenas (P = 0.046), but the coffee berry borer-only and
coffee berry borer-ant-phorid treatments did not differ
(P = 0.868).

In the field, however, we did not observe any rela-
tionship between phorid attacks and fruits attacked by
the coffee berry borer. The number of phorid attacks
in 5 min was not significantly correlated with the
proportion of attacked fruits on coffee plants near A.
instabilis colonies (y = 0.0002x + 0.0195, R* = 0.0124,
P =0.531).

Discussion

Pseudacteon sp. phorids had greater NCE on A. in-
stabilis ants in a simple habitat than a complex habitat.
Thus, behavioral modifications of ants by Pseudacteon
parasitoids may be affected by changes in habitat, and
may have important implications not only for ecolog-
ical interactions involving A. instabilis ants but also for
the red imported fire ant (Solenopsis invicta Buren)
that is also attacked by several species of Pseudacteon
(Wuellner and Saunders 2003). Previous research has
examined ant-phorid interactions in different habitats
for two other genera of parasitoids. First, Myrmosica-
rius and Neodohrniphora spp. phorid flies attack Atta
cephalotes L. and Atta sexdens L. less on the forest edge
than in the forest interior in Brazil (Almeida et al.
2008). Further, Apocephalus sp. phorid flies of P. di-
versipilosa and P. bicarinata attack significantly less in
areas that contained more leaf litter because ants
could escape from attacks by hiding under leaves
(Wilkinson and Feener 2007). These results are sim-
ilar to our experiment demonstrating that phorid flies
had less of an effect on A. instabilis in areas with
high-shade, however, because A. instabilis are arbo-
real-nesting ants, the potential mechanism driving this
interaction must differ.

There are several mechanisms that may drive stron-
ger NCE of Pseudacteon sp. on A. instabilis in low-
shade compared with high-shade habitats. The two
possible mechanisms we tested to explain this differ-
ence (phorid density and light availability) were not
significant for our data set. Phorid density is commonly
measured by counting the number of attacks because
of the difficulty in assessing the density of ant-attack-
ing phorids (e.g., Philpott et al. 2009). Specifically, in
our data set, we used the number of phorid attacks
during 5 min as a surrogate for phorid density. How-
ever, in ant recruitment trials, most phorids did not
attack A. instabilis in the high-shade habitat until after
8 min. Thus, longer observation periods may be nec-
essary to find differences between phorid densities in
the two habitats. We were unable to measure phorid
density again during the field season when experi-
ments were conducted, but this is something that
could be examined in the future. Second, we examined
whether phorid attack rates in the two habitats dif-
fered in high light intensity patches (sun flecks) and
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low light intensity patches (shadows). Phorids locate
ants with visual cues, and such cues may be more
difficult to perceive under low light availability. How-
ever, we did not find any differences in phorid attacks
between high and low light intensity patches in either
coffee habitat. It is possible that even high light in-
tensity sun flecks in the high-shade habitat were not
as bright as low-light intensity patches in the low-
shade habitat. Thus, future studies could include more
detailed measurements of light intensity (e.g., Leaf
Area Index; Chen and Cihlar 1996) or could use ex-
perimental manipulation of light intensity to more
carefully examine phorid attack differences.

Several additional factors may have influenced ob-
served differences in phorid effects on A. instabilis in
the two habitat types. First, wind could disturb ants
causing them to emit alarm pheromones that attract
phorids. Wind could also spread the chemical pher-
omones further in the farm attracting phorids from
further away. Previous evidence shows that wind
speed is generally lower in high-shade coffee habitats
(Beer et al. 1998), and thus A. instabilis may have been
more frequently disturbed in the low-shade habitat
leading to higher attack rates. At our study site, how-
ever, the high-shade habitat is in a steeper valley that
may have more wind than the low-shade habitat.
Weather could have also impacted the activity level of
A. instabilis. During periods of rain, ants such as the S.
invicta, reduce foraging activity by 40% (Porter and
Tschinkel 1987). Foraging behavior is reduced be-
cause rain may momentarily block exit holes, and wash
away pheromones (Porter and Tschinkel 1987). Al-
though we sampled ant-phorid interactions under
the same weather conditions and at the same time
each day, other weather factors, such as rain earlier
during the night or early AM may have affected ant
activity at observation points. Temperature also af-
fects the maximum number of attacking adult
phorids (Wuellner and Saunders 2003), and temper-
atures in the low-shade habitat are greater (Lin 2008),
perhaps leading to greater attack rates in the low-
shade habitat type. Thus, it is possible that other dif-
ferences between the habitat types may affect the
phorid attacks and effects on A. instabilis ants. Finally,
two experts have viewed phorids from the study site
and confirmed that there are at least four different
species of phorids that attack A. instabilis (S. Porter, B.
Brown, personal communication). Preliminary data
collected since conducting this study indicates that a
larger phorid morphospecies generally attacks more
frequently in both habitats (K. Mathis, unpublished
data). However, because two species of Pseudacteon
attack A. instabilis at the study site, differences in NCE
in the two habitat types may result from different
densities or activity levels of multiple phorid species,
a research area that is currently underway.

In the lab, presence of phorid flies cancelled out the
negative impacts of A. instabilis on coffee berry borers,
demonstrating that the phorids have a positive, trait-
mediated indirect effect on coffee berry borer. This is
the first concrete evidence that A. instabilis are im-
portant biological control agents of coffee berry borer,
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the most economically important pest of coffee (Soto-
Pinto et al. 2002). In the field, however, we did not find
a significant relationship between number of phorid
attacks and the percentage of berries infested by the
coffee berry borer. The lack of a TMII between the
phorid flies and the coffee berry borers in the field may
be because phorids have indirect positive effects on
other predators of the coffee berry borer. For exam-
ple, when A. instabilis foraging activity is lowered by
phorids, other ant species gain more access to food
resources (Philpott 2005). Thus other predator spe-
cies may have compensated for the reduced impacts
of A. instabilis in areas with high phorid abundance.
Some other ants, such as twig-nesting ants that live in
hollow branches on coffee bushes also have significant
negative impacts on coffee berry borer. In lab trials,
Pseudomyrmex ejectus F. Smith, P. simplex F. Smith, P.
PSW-53, and Procryptocerus hylaeus Kempf prey on
borers and prevent them from infesting coffee fruits
(Larsen and Philpott 2010). Further, many insectiv-
orous birds prey on coffee berry borers (Kellermann
et al. 2008), and some insectivorous birds spend less
time foraging on trees with A. instabilis nests (Philpott
et al. 2005). Where phorid flies reduce A. instabilis
activity, bird activity and bird predation on coffee
berry borers may increase. Other predators such as
bats, lizards, or spiders may also prey on coffee berry
borers, and the potential exists that activity of these
other taxonomic groups may increase where A. insta-
bilis activity is suppressed by phorids. A future exper-
iment could be performed to determine the multi-
predator effects on coffee berry borers in the presence
and absence of phorids.

Phorid flies negatively affect A. instabilis by limiting
their foraging activity, and may limit the impacts of A.
instabilis as biological control agents. Although many
may worry that phorids may be detrimental to bio-
logical control, in this case, the phorid flies actually
contribute to an autonomous system of biological con-
trol involving complex interactions between ants,
scale insects, coccinellid beetles, the coffee berry
borer, fungal diseases, and parasitic wasps of the scales
and coccinellids (Vandermeer et al. 2010). In farms
with complex shade, pest control services are en-
hanced by higher biodiversity and higher abundance
of important predators (Perfecto et al. 2004, Van Bael
et al. 2008). This study demonstrates that A. instabilis
is an important biological control agent of the coffee
berry borer, and that its effects may be hindered by
phorid flies. These effects of A. instabilis may be more
important in high-shade farms, given changes in ant-
phorid interactions with habitat type.
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